Body motions of flying animals can be very complex, especially when the body parts are greatly flexible and they interact with the surrounding fluid. The wing kinematics of an animal flight is governed by a large number of variables and thus the measurement of complete flapping flight is not so simple, making it very complex to understand the contribution of each parameter to the performance and hence, to decide the important parameters for constructing the kinematic model of a bat is nearly impossible. In this paper, the influence of each parameter is uncovered and the variables that a specified reconstruction of bat flight should include in order to maximally reconstruct actual dimensional complexity, have been presented in detail. The effects of the different kinematic parameters on the lift coefficient are being resulted. The computation analysis of the lift coefficient for different camber thicknesses and various wing areas is done by unsteady thin airfoil theory and vortex lattice method, respectively.
INTRODUCTION
Since the dawn of the era, humans have always been fascinated and inspired by the movement of animals through the air. The animal flight has not only aroused passion but also served the most utilitarian function of inspiring design innovations. Nonetheless, the early attempts to develop a flapping wing MAV were bound to fail due to insufficient knowledge of the flapping motion and lack of tools required for the analyses and design of the unsteady flight, and consequently, research concerning flapping flight has been overshadowed by the study of fixed and rotary wing aircrafts for almost 100 years [1] . Interests in bio-inspired flight and rigorous desire to develop highly efficient and maneuverable flapping wing MAVs have resurfaced among the biologists and engineers in the last two decades. The greatly improved capabilities of modern equipments to image animal motion and visualize complex fluid flows have brought the attention back to animal flight research.
Although the tools for the analysis and design of vehicles optimized for steady flight are well developed, the mechanics of highly unsteady flight remains uncertain due to the gap present in our understanding of the basic mechanics of the highly unsteady, three-dimensional and complex character of animal flight. This is an issue of growing interest, driven by the desire to build vehicles that can perform extremely unsteady aerodynamic maneuvers.
Flapping flight is the single most evolutionarily successful mode of animal locomotion: there are today over 1200 species of bats, more than 10 000 living species of flying birds, and somewhere between millions and tens of millions of species of flying insects [2] . Birds, insects and bats apply a variety of flapping patterns in hovering and forward flight to generate lift and thrust but among these, bats are proven to be the most superior and efficient flyers due to their highly articulated motion. Birds and insects can fold and rotate their wings but more than two dozen independently controlled joints overlaid in the flexible wing membrane [2, 3, 4] and highly deformable bones [5, 6] enable the bat to fly at either positive or negative angle of attack, dynamically change wing camber and create complex 3D wing topology to achieve extraordinary flight performance. The difference in the wing kinematics of the bats with respect to birds and insects is irrespective of the flight speed and other flight conditions.
Bat wing kinematics is a very complex phenomenon (especially at slow flight speeds) with the wing changing its shape continuously as it flaps [7] . It cannot be simply viewed as a flapping plate, or even as a flapping plate with one or two simple hinges [1] . Many of the joints of the handwing are extended during the downstroke until the lower reversal point, where they begin to flex, and the wingtip moves closer to the body in horizontal direction. At the same time, early in the upstroke, the wingtip moves simultaneously upwards and outwards and the wing adapts an extended posture at the end of the upstroke. Moreover, the motion of the wingtip is not primarily vertical with respect to either gravity or the animal's body, and a strong wing tip vortex is shed from the wing tip during the downstroke and either from the wing tip or a more proximal joint during the upstroke. The wings sweep forward during downstroke, increasing the relative forward velocity, and sweep backward during upstroke alongwith decreasing the angle of attack. Moreover, adding to the complexity of the bat flight, the flight speed and elevation are not constant, but oscillate in synchrony with both the horizontal and vertical movements of the wing.
A bat's wing motion is not governed by one or two variables; instead the wing kinematics is a function of numerous variables, having a significant role in the wing kinematics. The kinematic measurements of such complex motions are very difficult due to the large number of variables involved and thus the contribution of each parameter to performance is not clearly apparent. In this study, the influence of all variables on wing kinematics has been uncovered in detail and priority variables (having the most significant influence on performance) are decided to be focused on for developing a kinematic model of the bat.
The flight of bats, much like that of birds has often been modeled to first approximation as quasi-steady, with wings treated as rigid plates [8, 9, 10] . The assumption of steady flight was largely necessitated by the lack of analytical and experimental tools to analyze the complex flows, but this situation has changed considerably in the past few years. Recently, numerous experiments on bats have been done by many scientists and engineers to study the importance of various parameters of the bat wing kinematics. In 2006, Tian [2] experimented and analyzed the bat flight kinematics and observed that bats possess unique flight characteristics at relatively low flight speeds, including a flexion of the wing during upstroke. Riskin [7] , in 2008, used proper orthogonal decomposition method (POD) for assigning importance to kinematic variables, using dimensional complexity metric, concluding that it does not change with flight speeds. While in 2010, Riskin [11] , Hubel [12] and Leigh [13] performed different studies on bats to analyze the variation in their wing posture and kinematics on account of varying body mass, flight speed and power output required, respectively. Leigh [13] found out that variation of kinematics alone can increase sufficient aerodynamic power to accommodate even a 21% increase in body weight. In 2012, Riskin [14] analyzed kinematics of the folding and unfolding of the bat wing during upstroke motion for inertial cost of flight, while Rhea [15] studied the three-dimensional wingbeat kinematics of a bat to determine how factors affecting the lift production vary across flight speed and within wingbeat. This paper explains the influence and importance of different variables on the wing shape and kinematics of a bat flight. The focus has been given on parameters which are critically important for the construction of the kinematic model of bat flight in order to maximally reconstruct actual dimensional complexity.
EFFECT OF PARAMETERS ON WING KINEMATICS
Bat wings have a high potential to adjust wing morphology according to the aerodynamic demands due to their highly flexible wings with flexible wing bones and a compliant wing membrane, enabling them to carefully control their wing shape and motion. The morphology and kinematics of a bat wing determines the resulting aerodynamic lift through the regulation of the flight speed, wing area and lift coefficient. Thrust and weight support of the bat is generated by the aerodynamic lift (L) of the wing, which is determined by the density of the medium (ρ), the speed of the wing relative to the air (U eff ), the wing area (S) and the lift coefficient (C l ) given by equation (1) [16] :
(1) Each of these factors, except density, is controlled by different parameters of the wing morphology and kinematics. The speed of the wing is determined by the combination of flight speed and flapping speed, with the latter being determined by the amplitude and frequency of the wing beat. Wing area can be controlled by retracting or extending the wing. Finally, the lift coefficient depends on the shape of the wing profile (e.g. camber and thickness) and the angle of attack, the angle between the chord line and the direction of the airflow.
To have a more clear understanding of the correlation between the wing kinematics and aerodynamic variables, a detailed explanation has been presented for the effect of these variables on the wing morphology and the performance of the bat.
Wing Speed
Due to the strong dependency of generated aerodynamic lift on speed of the wing, bats are expected to alter their kinematics and wing morphology across flight speeds to generate sufficient weight support and thrust.
The stroke plane angle (β), increases from less than 30° at low to about 75° at high flight speed [15] , indicating a change from a horizontal to a more vertical stroke plane (as depicted in fig.1 ) while the downstroke ratio and span ratio, both increases when going from low to medium flight speed and then decreases slightly when flight speed is increased further, while the body angle is relatively constant throughout the stroke across speeds, with higher body angle at low speeds.
The wing area varies sinusoidally over the wing beat cycle with the largest area found at the time of middownstroke while the lowest is present in the middle of the upstroke. On increasing the flight speed both the minimum and maximum areas tend to decrease slightly and increase on decreasing the flight speed. The innermost part of the wing is aerodynamically relatively inactive at the lowest flight speed range due to the low speed of the flow across the wing, but potentially more important at intermediate flight speeds when the upstroke is more or less inactive [17] .
A higher angle of attack produces higher lift, but also higher drag, and therefore the bats are expected to reduce the angle of attack with increasing flight speed when the demand of a high lift coefficient is reduced (as shown in fig.2 ). The leading edge flap angle has a very large variation with the flight speed, varying from around 5° at high speeds to around 25° at low speeds, with an increase in the lift force during the downstroke, and a decrease during the upstroke. At high speeds, the entire upstroke shows negative values.
The mean angular velocity directly affects the performance of the flyer. It shows a minimum at the speed of maximum lift to drag ratio, suggesting a simple way to determine the optimal speed from kinematics alone.
The wing velocity (V) is a function of forward velocity (U ∞ ) and flapping velocity (V f ) as given by equation (2) [18] :
Forward velocity
Several changes in the kinematics of bats are being observed with changes in the flight velocity. The horizontal velocities of bats are much greater than vertical velocities, so flight paths are more close to horizontal [2] . When flight speed is reduced, sustaining weight support becomes more demanding and bats need to compensate for the lower velocity over the wings by increasing the wing area, flapping speed or lift coefficient. This is particularly important during hovering and slow flight.
Flapping velocity
The flapping velocity of the wing is determined by the stroke amplitude (ϕ 0 ) and the flapping frequency of the wing beat (f) given by the equation (3) [18] :
where R is the half of the total wingspan of the wing.
Amplitude
The vertical amplitude of the wing beat increases with increasing the speed while the horizontal amplitude decreases (as shown in fig.3 ). The angular amplitude in the stroke plane follows a U-shaped pattern with high values at low flight speed, with decreasing and then increasing values with increasing speed. It is highest at low speeds at around 90°, drops to 65° at 3 m/s and rises back to about 80° at high speeds [15] . Stroke plane and wing stroke amplitude at the wrist does not change significantly with body mass or wing size.
Flapping frequency
Flapping increases the flight speed of a bat by increasing its Reynolds number as seen from the wings. The wingbeat frequency of bat is about 13.8 Hz during hovering flight and decreases to 10.5 Hz for intermediate and high speeds. It is controlled by the muscular contraction frequency and is expected to decrease with increasing body size [19] [20] . The flapping frequency decreases with increasing the flight speed [21, 22, 23] . Small variations in the flapping frequency of consecutive wing beat cycles led to a variable number of computed values of the velocity field and circulation during each cycle [1] .
Wing Area A bat's wing comprises of highly compliant skin membranes that interconnect a jointed skeleton capable of many degrees of freedom. By its very morphological structure, the area of a bat wing is highly variable throughout every wingbeat cycle. As a result, measurements of the wing area for bats can vary substantially when compared with those of the insects or birds, depending especially on the degree to which the membrane is stretched before measurement.
The area of the wing is largely controlled by the angle between the hand wing and the arm bones. The area of a bat's wing varies sinusoidally throughout the wingbeat cycle and depends greatly on the positions of the carpus and elbow, and the degree of extension and abduction of the digits. The large bats extend the wing more fully on the downstroke, but not on the upstroke, with the largest area found at the time of mid-downstroke while the lowest is present in the middle of the upstroke (see fig. 4 ). This makes sense, since the majority of lift production occurs on the downstroke. On increasing the flight speed both the minimum and maximum areas tend to decrease slightly, and increase on decreasing the flight speed. 
Lift Coefficient
The most general mechanism for increasing the lift coefficient is to increase the angle of attack (AoA). In addition, potential high-lift features, such as high camber of the wing [24] [25] and the use of the leading edge vortices, being generated by leading edge flaps, are well known mechanisms to increase the lift coefficient. It improves the gust alleviation and dynamic stall of the wing by increasing the stall angle of attack, which is very important in case of hovering. The variation in camber and AoA is possible due to flexible bones and dozens of joints present in the membrane of the bat wing. Studies suggest that flexible airfoils have greater thrust/input power ratio than rigid airfoils. A thinner airfoil (generally t/c < 0.06) with sharp leading edge shows much better results.
The leading edge flap increases both the effective angle of attack and camber of the wing, thus contributing towards increasing the lift force of the wing. The leading edge flap angle varies during the entire wing beat at all speeds, with the flapping pattern being consistent. The angle is mostly positive during the downstroke with more constant values than the upstroke, during which the angle is mostly negative. An increasing deflection of the leading edge with decreasing speed suggests a higher lift coefficient at lower flight speeds. The deflection of the leading edge flap also increases the curvature of the front part of the wing, which would promote the separation of the flow, similar to what has been suggested as the function of the alula in landing steppe eagles [26] , and facilitates the generation of the leading edge vortices at low speeds. Moreover, the leading edge vortices [27], produced by flap motion, stay attached to the wing during the downstroke and contribute up to 40% of the total lift at middownstroke at low flight speeds.
Angle of attack
When it comes to controlling the lift coefficient of the wing, the angle of attack (α) and camber are considered to be among the most important factors [16] . The angle of attack of the outer wing stays nearly constant during the downstroke, with higher values for lower speeds and decreases during the upstroke until mid-upstroke, with minimal values for low speeds. For all speeds, the angle of attack is positive during the downstroke and negative during the upstroke. The highest values of the angle of attack are reached for hovering flight (80° to −60°). Although steady aircraft airfoils show stall and loss of lift already above an angle of attack of about 15° at these Reynolds numbers [25] , the bats operate at mean downstroke angles of attack up to 50° [11, 15, 28, 29, 30] without apparent lift loss [30] . This suggests that bats must have some mechanisms to maintain lift throughout the downstroke at these high angles of attack. AoA increases significantly with body mass and the overall change occurs as a result of changes in α 1 but not α 2 (shown in fig. 5 ) [11] . in the x g -z g plane [11] .
Camber
Wing camber is a dynamically changing variable. It is controlled by multiple mechanisms along the span, including the deflection of the leg relative to the body, the bending of the 5 th digit, the deflection of the leading edge flap and the upward bending of the wingtip. All of these measures vary throughout the wingbeat suggesting active or aeroelastic control. The camber of the outer wing is mainly controlled by the leading edge flap, the flexion of the phalanges of the 5 th digit and the bending of the 5 th digit. Since the wing camber is being controlled by a number of mechanisms and parameters, thus it seems to have a large impact on the performance of a bat flight.
The camber has a very large variation during downstroke and upstroke at low flight speeds while it remains constant over time at higher speeds. The slaking of the wing membrane results in a more favorable camber of the outer wing during the supinated upstroke. A passive mechanism for camber control at the outermost part of the wing may be the bending and sweeping of the wing tip. At the outermost part of the wing the fingers run more closely in the spanwise direction than in the chordwise direction, making camber control by the fingers, similar to the 5th digit, less likely. Due to the flexibility of the finger bones [31, 32] , both the bend and sweep of the wingtip are affected by the aerodynamic forces on the wing and could passively affect the camber of the outer wing [33] , while the camber of the innermost part of the wing is actively controlled by the tail-to-body angle.
Body Mass/ Wing Size Many aspects of wing kinematics vary with body size, but the way kinematics change with velocity and acceleration is relatively consistent with body sizes. The body mass has a direct relationship with the downstroke, which helps to offset the consequences of higher wing loading that accompany increased body size. Larger bats open their wings more completely than smaller bats do in flight [11] and have higher lift coefficient to compensate for the increase in the body mass. This highlights the importance of wing posture as a confounding variable for hypothesis about ecological function based solely on two-dimensional shape of an outstretched wing. Thus aspect ratio of bats is generally quite low as a large component of lift is generated by tip vortices at low AR. Wing loading as well as the speed at which bat flies increases with the size of the bat, but in the mass range of 0.020 to 0.1 grams, it makes negligible difference.
Angle of attack increases significantly with the increment in body size. The influence of body size on locomotion is no less striking, and biomechanical investigations have revealed that just as body shape changes with size, so do locomotor's kinematics [34, 35, 36] .
Concluding Remarks
The aerodynamic lift generated by a wing is proportional to the square of the local speed of the wing, i.e. the vector sum of the forward flight speed and the flapping speed of the wing. Altering flight speed changes the forward velocity component over the wing, and bats alter the kinematics to sustain weight support and to generate sufficient thrust. The unique flexibility and controllability of bat wings suggest a multitude of mechanisms to control the lift generated by the wing. Using this study, it is concluded that all parameters that adjust lift, namely flight speed, wing area and the lift coefficient, are adjusted on account of changing each other. The flapping speed of the wing, which has the largest impact on lift production, shows a U-shaped pattern across flight speed. Wing area is highest during the downstroke and also increases with decreasing flight speed. The lift coefficient is determined by the camber and angle of attack of the wing, which both increase with decreasing flight speed. The angle of attack is highest during the downstroke, hovering and at low flight speeds, increasing the probability of unsteady mechanisms being used to further increase the lift [27] . The studies show an increasing camber with decreasing speed for all positions along the span, until the transition speed when the wing is flipped upside down with a more complex change of camber at lower speeds. The studies also suggest that the bats adjust kinematics to control the flow over the wings and to reduce the drag generated. The bats alter their stroke plane angle, in order to maintain favourable flow characteristics across flight speeds [30] .
RESULTS
Maintaining weight support and generating thrust to overcome drag are the main challenges in level flapping flight. After having a detailed study of the effects of every flapping parameter variation, it is concluded that bats vary their wing camber and angle of attack during the entire wingbeat cycle to enhance their performance, which makes their flight most complex. Variation in any one of them results in changing the overall coefficient of lift. This unique flexibility and controllability of their wings allow bats to alter the flight speed and wing area during flight.
The change of lift coefficient with angle of attack for different wing cambers is being analyzed using unsteady thin airfoil theory, which is an inviscid theory ignoring thickness and applies the linearized boundary condition on a mean surface. Results of the variation of the lift coefficient with angle of attack for 6, 7, 8, 9 , and 10% cambers at Re 1×105 are being plotted in fig. 6 and compared with the results obtained by Null [37] . It is clearly evident from the results that the lift coefficient C l , is highest for 10% camber airfoil at this Reynold's number, and the slope of the lift curve increases with the wing camber. Computational results show some discrepancies when compared with the experimental data, because of the limitations of the unsteady thin airfoil theory and computational errors. For all cambers, there is negligible difference in C l min values of computational and wind tunnel data but a quite significant difference of 0.4 occurs in the C l max values. Due to the fact that this is an inviscid theory and doesn't predict the flow separation and stall phenomenon, it results in computing larger values of lift coefficient than the experimental results for high angle of attack, still the theory can be unquestionably used for low values of angle of attack. 
Fig.7. Variation of lift coefficient with different wing areas
In bats, mass is directly proportional to the wing size. Although the wing area increases on account of increasing the wing mass, increasing the lift force, but the increment is not sufficient to compensate for the increased weight, and hence bats increase their lift coefficient by increasing their wing camber and angle of attack. The effect on lift coefficient is being analyzed for different wing areas by using the vortex lattice method [38] , and the results are plotted in fig. 7 . It is clearly evident from the figure that the lift coefficient increases with the wing area to support the added weight. The results are also in conjugation with the biological data of the species: Plecotus auritus, Leptonycteris yerbabuenae and Cynopterus brachyotis, where wing span increases with the body mass [2, 15, 39, 40, 41] .
CONCLUSION
In this study, it is concluded that the bats' flight is the function of various kinematic variables. All parameters that adjust lift, namely flight speed, wing area and the lift coefficient are adjusted on account of changing each other. The lift coefficient mainly depends on the angle of attack and wing camber, which is largely controlled by active deformations in the highly flexible wing membrane. The lift coefficient increases on increasing the wing camber, the effective angle of attack and the wing area. Leptonycteris The preliminary assessment of the plan form and the airfoils are performed using Modified Blade Element Theory. Classical blade element theory has been successfully developed for analyzing insect wing aerodynamics, at least for the steady flow contribution. This eliminates small angle assumption and allows accurate calculation of vortex displacement velocity. The focus has been given on the study of sensitivity of the flow to the variation owing kinematics, change in wing plan form shape, airfoil shape and their distribution along the wingspan. Time-accurate NavierStokes solvers are employed for the preceding analysis. Even though the flow discovered in natural flyers is mainly laminar, for design perspective it is prudent to include turbulence modeling.
INTRODUCTION
The flapping flight is certainly the most complicated among all flight regimes, fixed, rotary and flapping wings, because of the structural movement and the resulting unsteady fluid dynamics. In biological flight, the wings not only move forward relative to air, they also flap up and down, plunge, and sweep in order to deal with any disturbances like gusts, etc. that can dramatically change the aerodynamics around the wings [1, 2, 3, 4, 5] . To produce aerodynamic effects in ways that an aileron on the wing of a conventional plane does, birds have the supination and pronation mechanism in which one wing is twisted downward to reduce angle of attack (AoA) and corresponding lift while the other one is twisted upward to increase the lift. A bird is able to roll by performing different degrees of twisting between wings [1] .
Birds with large wingspan, like eagle and osprey, usually glide and soar at high Reynolds number and have a large liftto-drag ratio of 19, hence the aerodynamic model of their wings can be assumed as Quasi-steady aerodynamic model. Moreover, their flapping frequency is also quite low, making viscous effects less significant, almost negligible, which results in less time consuming calculations with little compromises in results. Whereas in small wingspan envelope, like that of hummingbird, bat, dragonflies etc, the flow is perfectly unsteady and viscous effects can't be neglected. This leaves no room for quasi-steady model and instead computation involving turbulence modeling is preferred.
Numerous analyses in past were based on inviscid flow; Greenewelt [6] assumed an elliptical lift distribution with suitable correction factors to model bird flight and proceeded to estimate power and drag coefficients for various bird species [6] [7] . Pennycuick [8] [9] theorized that a steady
Computational Analysis of 3D Unsteady Flow Over Flapping Wing
actuator disk producing constant momentum flux could represent the flapping wing and its aerodynamic force generation. Waldman [10] did a computational analysis of bat like membrane in XFOIL. An unsteady 3-dimensional incompressible Navier-Stokes equation was chosen as the computational model for the analysis of flapping wing by Yang-yao Niu [11] . Simulations of vortex behaviors and forces due to the reduced frequency of the 3D flapping wings are investigated and numerical results of flapping NACA0012 wing are verified with experimental data. In a recent work by Garcia [12] , a lifting-line analysis based on Weissinger's method for straight swept wing was used to solve the problem. Smith [13] simulated the 3D unsteady flow field around a tethered moth wing and emphasized the importance of including the effect of the wake in the analysis. A 2D model by Wang [14] investigated the vortex shedding and found an optimal flapping frequency based on the time scale associated with shedding of the leading edge and trailing edge vortices.
All the major computational analyses done are listed above. Furthermore, all of them used either a quasi-steady model or neglected the viscous effects, sufficient enough to imply that their results are somehow approximated as one and a space for refinement exists. It was Ellington [15] , however, showed that these quasi-steady analyses do not correctly predict the forces magnitudes, particularly the lift coefficient. A major limitation of steady or quasi steady analysis is that the motion of the wings causes an inherently unsteady wake with large vortices generated on the wing. Now if the reduced frequency is lesser than unity, which means flapping frequency is lesser the forward flight then the unsteadiness of the kinematics might be muted for the quasi-steady assumption to remain valid. However, if this reduced frequency exceeds unity then the flight would certainly invalidate the quasi-steady assumption as the flow field is then inherently unsteady in nature.
An exact solution to the problem is still not present due to the considerable complexity of the flapping flight. To adapt or mimic the amazing flight performance of natural flyers, one needs to have a complete understanding of the flow physics involved. A complete model of the system requires not only a prediction of the unsteady aerodynamics, but also a description of the time and geometry dependent aero elastic interactions between the wing and the flow field [7] . This paper is the first in series of our research on BAT inspired Micro Air Vehicle (MAV). The investigation is particularly focused on unveiling the sensitivity of flow to variation of
• airfoil shape
• wing planform shape
• wing aerodynamics and kinematics
All the tests and analyses are done assuming unsteady flow regime without neglecting the viscous effects.
FACTORS AFFECTING LOW REYNOLDS NUMBER AERODYNAMICS
When studying natural flyers, it is insightful to assess the effects of different parameters, such as wing area and wing span, on the flight characteristics, based on dimensional analysis [3] [16, 17, 18, 19] . The preferred airfoil shapes for low Reynolds number regime are quite different from those typically used for high Reynolds number manned aircraft. The range of the AoA within which the aerodynamic performance of the flyer is satisfactory, becomes narrower as the Reynolds number decreases. The aerodynamic performance in a low Reynolds number wing is highly affected by the induced drag generated by the tip vortex, which not only affects its lift and drag but also the potential flight stability. Within the low Reynolds number range, different flyers exhibit different approaches for better aerodynamic performance. A thinner airfoil is more preferable in the range of 10 6 to 10 4 as the maximum lift-todrag ratio decreases abruptly in this range and a thinner airfoil with modest camber generates a better lift to drag ratio with better power efficiency. With Reynolds number in the range of 10 4 and 10 3 , a corrugated wing can provide a more favorable lift than a non corrugated wing because the viscous effect substantially modifies the effective airfoil shape and reduces the effective AoA [16] . In addition to the Reynolds number, the aerodynamic performance of a natural flyer is highly influenced by numerous parameters such as the wing shape, wing size, wing camber, percent camber thickness and wingbeat frequency.
Wing Camber
Low camber has the advantage of delaying flow separation on the underside of the wing at high speeds and very low angle of attack. As the camber increases, the lift coefficient slope and the maximum lift coefficient increases as well [16] . The increase in camber pushes both the maximum lift coefficient and maximum lift-to-drag ratio to a higher AoA [16] [20] along with increasing the stall angle of the wing. Low cambered airfoil has high stall-resisting capability and is less sensitive to the AoA which eliminates the need of any sophisticated steering. The drag coefficient of low cambered is also high when compared with high cambered airfoil but lift force levels after a particular angle allowing it to attain high AoA without stalling. Sunada [21] compared the wing characteristics at a Reynolds number of 4 × 10 3 and concluded that the wing performance can be improved with a modest camber of around 5% [16] . Both lift and drag coefficients increase as the position of the maximum camber approaches the trailing edge of the wing [16] [20] [21] but the maximum value of lift-to-drag ratio is obtained at 25% chord position of maximum camber. Also after having a detailed study of the wing thickness, it is concluded that increasing the thickness of the wing deteriorates the wing aerodynamic characteristics.
Wing Shape
Unlike conventional airfoils, which are smooth and streamlined, natural flyers are born with different airfoil shapes with diversified geometries which improve their aerodynamic performance. Insects have rough surface airfoils which bear both structural and aerodynamic benefits to them [16] [22] [23] . The corrugations of the dragonfly wings and the scales on the wing surface of butterfly and moth are of critical importance to the stability of its ultra light construction and in visualizing experiments using corrugated wings. The reason, as suggested by Kesel [24] , is that vortices fill the profile valleys formed by these bends and therefore smoothen the profile geometry [16] [25] . In the comparison done for the aerodynamic characteristics of dragonfly wing sections with conventionally designed airfoils and flat plates, it is concluded that corrugated airfoils have very low drag coefficients closely resembling those of flat plates, whereas the lift coefficients are much higher than those of flat plates [16] . Thus the performance of such a corrugated airfoil is influenced by its "effective" shape, characterized by the viscous effects.
Wing Size
When flapping animals are studied, often the parameters of interest are related to the body mass m of the animal [26] [27]. The wing span is given by the following eq. [28]:
With a larger wing span, flapping velocity increases and changes its direction, which affects the magnitude and direction of relative flow velocity. Because relative flow velocity determines the resulting aerodynamic force acting on each wing section along the span, force will also change in magnitude and direction.
Aspect Ratio
Usually, the agility and maneuverability improves with a smaller AR. This is one of the reasons why military fighter aircrafts and aerobatic airplanes have relatively shorter wingspans compared with those of conventional aircraft. The similar relation is found in natural flyers. The largest AR for birds is found among species that typically spend a substantial portion of their time in soaring flight instead of flapping. Higher AR also tends to decrease the induced drag, which is caused by the lift. Similarly the lift-to-drag ratio L/D, also known as glide ratio, increases with an increasing AR.
Wing Beat Frequency
The upper and lower limits of wing-beat frequency for flapping animals are settled by the power available from flight muscles and the force provided by the wing bones. The main function of wing bones is to transmit force to the external environment during flight [29] [30]. This force cannot be too high for the risk of muscle failure. Larger
the contraction frequency. Thus while explaining the theories of flapping flight; this is one of the important parameters to be looked upon. There is always a natural frequency imposed on the animal by physical characteristics of its limbs and the forces that it must overcome [32] . Based on the insight into the flapping frequency, it is possible to estimate the power output from a bird's flight muscles and achieve an estimation of the power required for flying.
Thus the scaling laws indicate that, as a flyer's size reduces, it has to flap faster to stay up in the air, experiences lower wing loading, is capable of cruising slower, has a lower stall speed, and consequently can survive much better in a crash landing. In the meantime, as a flyer becomes smaller, its weight shrinks at a much faster rate, meaning that it can carry very little "fuel" and has to resupply frequently.
Birds, bats, and insects apply different flapping patterns in hovering and forward flight to generate lift and thrust. Typically, in slow forward flight the reduced frequency and wing-beat amplitude tend to be high, resulting in highly unsteady flow structures. In fast forward flight the reduced frequency and the wing-beat amplitude tend to be low, and the wake often consists of a pair of continuous undulating vortex tubes or line vortices. Larger birds have relatively simple wingtip paths compared with those of smaller flyers. As a flyer's size reduces, its operating Reynolds number becomes lower; accordingly, its wing in a steady stream produces a poorer lift-to-drag ratio. Coupling with a slower flight speed, a small flyer is substantially more influenced by the flight environment such as wind gust. To overcome these challenges, natural flyers flap their wings faster to enhance lift and improve maneuverability [16] .
AERODYNAMICS AND WING KINEMATICS OF NATURAL FLYERS
Birds, bats and insects apply a variety of flapping patterns in hovering and forward flight to generate lift and thrust. In this section, the wing kinematics and aerodynamic efficiency of different flying creatures i.e. birds, bats and insects are being presented.
Insects
The range, in which the insects can vary their stroke plane angle, is very large. The wing tip makes different motions depending on the insect, i.e. oval, figure-eight or pear-shaped trajectories [33] [34], or combinations of these patterns. Some insects may also change their stroke trajectory for strong manoeuvers. The most simple wing motion is performed by drosophila fruit fly during its hovering [35] .
In the most common form of hovering in insects, the wings move along an approximately horizontal stroke plane with approximately equal and relatively high angles of attack figure 1 . The whole stroke cycle can be described by a sinusoidal motion or a triangular motion depending on the insect. Insects are hovering specialists. They are able to hover by using a range of possible unsteady high-lift mechanisms, including rotational circulation, clap-and-fling and wake capture. However, arguably the most important mechanism is the leading-edge vortex, which may generate up to 66% of the total lift in insect flight [36] . Consequently to create the LEV, the high angle of attack is very crucial for generating enough lift force. The generated lift force highly depends on the stroke trajectory [34] . One can assume that if a wing is moved with the same angle of attack and rotational velocity, the same lift force should occur but different stroke trajectories change the airflow pattern, the created vortices and hence the generated lift force [33] .
Birds
Birds usually flap their wings to generate both lift and thrust. But if they stop flapping and keep their wings stretched out, their wings actively produce only lift, not thrust [16] . Thrust can be produced by gravitational force while the animal is descending or gliding. Gliding birds (as well as soaring birds) like vultures, albatrosses, pelicans and storks appear to hang in the air effortlessly, gaining height with barely a twitch of a wing and thus have high lift-to-drag ratio. The gliding angle, angle between the motion direction and the incoming air, directly controls the lift-to-drag ratio. The higher this ratio, the shallower the glide becomes. Larger birds fly at high Reynolds numbers and have a large lift-to-drag ratio. For example, a wandering albatross, with a wing span of over 3 meters, has a reported lift-to-drag ratio of 19, whereas the fruit fly, which has a span of 6 millimeters, has a lift-to-drag ratio of 1.8 [16] [37].
Larger birds have relatively simple wingtip paths. For example, an oval tip path is often associated with albatrosses. Smaller flyers exhibit more complicated flapping patterns.
Flapping involves two stages: the downstroke or power stroke, which provides the majority of the thrust, and the upstroke or recovery stroke, which can also (depending on the bird's wings) provide some upward force [38] . In the upstroke, the wing is slightly folded inwards to reduce upward resistance. Birds change the angle of attack between the upstroke and the downstroke of their wings. During the downstroke the angle of attack is increased, and is decreased during the upstroke. Since the outer part of the wing moves up and down more steeply than the inner part, the wing has to twist (bird's wings are very flexible) so that each part of the wing can maintain just the right angle of attack. As the wing twists and the outer wing part moves downward, the lift force in the outer part of the wing is angled forward. This is what would happen if the whole bird went into a steep dive. However, only the wing is moving downward, not the whole bird. Therefore the bird can generate a large amount of forward propulsive force without any loss of altitude [38] . During this stroke, the air is not only deflected downward, but also to the rear. The air is forced backward just as it would be by a propeller. In a hummingbird, it can be seen that the flapping motion is sinusoidal, where the downstroke is performed insignificantly faster than the upstroke.
Hovering, which is generating only lift through flapping rather than a product of lift and thrust, demands a lot of energy. Whether a flying animal can hover or not depends on its size, moment of inertia of the wing, degrees of freedom in the movement of the wing and the wing shape [16] [38]. As a result of these limitations, hovering is mainly performed by small birds and insects. Although the kinematics of the wing motion of birds is almost symmetric with that of the insects, it is assumed that the unevenness occurs due to a slight difference in the angular velocity during downstroke and upstroke. A missing leading edge vortex during upstroke and several musculoskeletal and plan form material properties do not allow the bird's wing to behave equally efficient as the insect's wing. For instance, during the downstroke the wing is slightly cambered, while during the upstroke the wing is not capable to invert the camber, which gives a significant loss of the produced lift force in birds.
Bats
Among all natural flyers (birds, bats & insects), bats are proven to be the most superior and efficient flyers due to their complex aerodynamics. Birds and insects can fold and rotate their wings during flight, but bats have many other options. They can generate different wing shapes and motions that other creatures can't. Bat's wings are highly articulated, with more than two dozen independent joints and bones which deform adaptively during the motion of the wingbeat cycle with a thin flexible membrane covering them. This flexible skin can catch the air and generate lift and reduce the drag in many different ways. Besides the anatomical structure of the bat's wing, the changes in the length of the different bones and the membrane also lead to the complex trajectories of the wing motion.
The wing motion is observed to be similar for most of the species of bats [40] . Mainly the study about the Leptonycteris Yerbabunae is considered which gives a sufficient insight into the aerodynamics and kinematic aspects of the bat flight. The general motion is characterized by the cambered wing during the downstroke, and folding of the wing during the upstroke. During downstroke the wing is approximately stretched, with an almost synchronous movement of all joints. The lift mechanisms in bat flight, originated from unsteady effects, are not studied in detail yet. The main contribution to the lift force is found to be given by the Leading Edge Vortex [42] . The flow separates at the leading edge, generating an area of high negative vorticity. The airflow reattaches behind this area, resulting in an attached and laminar flow at the trailing edge. The vorticity is stronger near the wingtip and decreases toward the wing root. An area with negative vorticity is developed at the trailing edge of the wing, resulting into a strong rotational movement before the end of the downstroke, and also enhancing lift generation. During the upstroke, the vortex which generates much of the lift in bat flight is not documented well. It does not appear to originate from the wingtips as it does in case of downstroke. According to biologists, the starting point of the vortex seems to be somewhere in the middle of the wing, which again shows that the complex wing structure with numerous joints is crucial for the efficient bat flight.
METHODOLOGY Modified Blade Element Theory
The quasi-steady limit mainly corresponds to larger birds such as eagle and osprey, which soar and glide. While soaring, the wings are fixed and rigid and act like those of conventional aircraft. For these fliers, flapping is restricted to limited operations, such as take-off, landing, and stabilization. Smaller birds and insects that flap continuously, occupy the other end of the aerodynamic spectrum, that of fully unsteady flight.
The usual aerodynamic treatment of insect flight is based on the blade element theory of propellers, modified by Osborne 
where ρ is the mass density of air, c is the chord length and U is the local relative velocity component perpendicular to the longitudinal wing axis.
The induced drag coefficient is not calculated explicitly. Instead, the induced power needed to create the downwash corresponding to the vertical force is estimated independently from the ideal momentum jet of propellers, corrected for spatial variation in loading using the differential momentum jet theory, and for tip effects using a vortex theory. A new method of calculating induced power, based on the added mass of vortex sheets in the wake, gives good agreement with the more traditional approach. Both methods provide an estimate of the downwash velocity in the vicinity of the wings, and this is used to calculate the downwash angle of the relative velocity.
The lift and drag forces are resolved into vertical and horizontal components, integrated all over the wing span, and averaged over the cycle. The net force balance in hovering flight requires the mean vertical force to be equal to the weight and mean horizontal force to be equal to zero.
The mean coefficient method is normally used. By treating the force coefficients as constants over a half-stroke, they can be removed from the double integrals resulting from the manipulation of the equation, and mean values can be found that satisfy the net force balance. The kinematic detail required for this method is greatly reduced since only the motion of the longitudinal wing axis is needed. The mean lift coefficient is particularly interesting because it is also the minimum value compatible with flight. A typical application of the mean coefficient method also ignores the downwash angle. This angle is typically less than 10 deg for hovering flight.
Most modern applications of the mean coefficient method have concluded that the mean C L required for the weight support exceeds the maximum value for steady flow, sometimes by a factor of 2 or 3. The results show that insect's wing produce more lift than expected from conventional twodimensional considerations and those high-lift mechanisms are employed instead.
Spring-Based Smoothing
In the spring-based smoothing method, the edges between any two mesh nodes are idealized as a network of interconnected springs. The initial spacings of the edges before any boundary motion constitute the equilibrium state of the mesh. A displacement at a given boundary node will generate a force proportional to the displacement along all the springs connected to the node. Using Hooke's Law, the force on a mesh node can be written as [45] :
where and are the displacements of node i and its neighbor j, n i is the number of neighboring nodes connected to node i, and k ij is the spring constant (or stiffness) between node i and its neighbor j. The spring constant for the edge connecting nodes i and j is defined as
Dynamic Layering Method
In prismatic mesh zones, dynamic layering method adds or removes layers of cells adjacent to a moving boundary, based on the height of the layer adjacent to the moving surface. The dynamic mesh model in ANSYS FLUENT allows you to specify an ideal layer height on each moving boundary.
If the cells in layer j are expanding, the cell heights are allowed to increase until
(6)
Here h min is the minimum cell height of cell layer j, h ideal is the ideal cell height, and a s is the layer split factor.
If the cells in layer j are being compressed, they can be compressed until
where a c is the layer collapse factor. When this condition is met, the compressed layer of cells is merged into the layer of cells above the compressed layer; i.e., the cells in layer j are merged with those in layer i.
Implicit Update Settings
For such applications, having the mesh motion updated within the time step based on the converging flow solution results in a stronger coupling between the flow solution and the mesh motion, and leads to a more robust solver run. Implicit mesh updating allows you to run simulations that otherwise could not be solved or would require an unreasonably small time step.
The relaxation of the displacements is defined by the following equation [45] : (8) where x k is the node position at iteration k (within a time step), x computed,k is the computed node position (based on the flow field), and ω is the motion relaxation.
LES Initialization
For simulations initialized with values (rather than from an initial guess field), it is possible to perturb the initial guess by setting an RMS Velocity Fluctuation. This has the effect of kick starting the solution process. For a velocity distribution V i , the fluctuation is the quantity [45]:
This simple model was first proposed by Smagorinsky. In the Smagorinsky-Lilly model, the eddy-viscosity is modeled by [45] :
Where L s is the mixing length for sub grid scales and (11) L s is computed using (12) where k is the von Kármán constant, d is the distance to the closest wall, C s is the Smagorinsky constant, and is the local grid scale. In the calculation, Δ is computed according to the volume of the computational cell using (13) Lilly derived a value of 0.17 C s for for homogeneous isotropic turbulence in the inertial subrange. However, this value was found to cause excessive damping of large-scale fluctuations in the presence of mean shear and in transitional flows as near solid boundary, and has to be reduced in such regions. In short, C s is not a universal constant, which is the most serious shortcoming of this simple model. Nonetheless, a C s value of around 0.1 has been found to yield the best results for a wide range of flows, and is the default value in ANSYS FLUENT
Inlet Boundary Conditions for the LES Model
This section describes the algorithm to model the fluctuating velocity at velocity inlet boundaries or pressure inlet boundaries. To generate a time-dependent inlet condition, a random 2D vortex method is considered. With this approach, a perturbation is added on a specified mean velocity profile via a fluctuating vorticity field (i.e. two-dimensional in the plane normal to the streamwise direction). The vortex method is based on the Lagrangian form of the 2D evolution equation of the vorticity and the Biot-Savart law. A particle discretization is used to solve this equation. These particles or "vortex points" are convected randomly and carry information about the vorticity field. If N is the number of vortex points and A is the area of the inlet section, the amount of vorticity carried by a given particle i is represented by the circulation Γ i and an assumed spatial distribution η [45]: (14) (15) where k is the turbulence kinetic energy. The parameter σ provides control over the size of a vortex particle.
RESULTS
The calculations illustrate the current potential of the method and provide an initial insight into the aerodynamic behavior of the flapping wing at a low speed (10m/s) forward flight. The selection of the wing planform, shape of the airfoil forming the wing and the prescribed kinematics of flapping are still open questions at this very stage of the project. The overall aerodynamic aspects of design and thorough understanding of the flow physics will be a subject of long terms. The presented calculations are performed on the planform inspired by the geometrical length and mean aerodynamic chord length of a bat wing [46] . The corresponding planform is shown below: It is anticipated from the observation of bats that the design of final airfoil section will result in still much thinner airfoils characterized by sharp leading edge. For present analysis, NACA0010 has been chosen as an appropriate option.
The species chosen for the MAV is Leptonycteris yerbabuenae because there are enough studies available on kinematics of bats. Thus a variety of data from different bats is available. But there are bats, which can fly slow, even hover and some cannot, so it's really important to consider the ecology of the bats when picking the species. If a bat can't fly slowly, it would not be expected to be stable at low speeds and hovering in contrast with a same scale MAV.
Setting of Boundary Conditions
The predetermined MAV flying speed is 10 m/s [47], therefore, incoming air speed is 10 m/s. The outflow is an atmospheric pressure. Since the flow field is assumed to be sliding, the hypothesis of flow passage flank is the sliding boundary. Then, the position boundary will not have the boundary layer effect. The flapping amplitude is 22.5° due to cell limitation. The number of the cells was confined to 512000 due to the academic license agreement. The following figure shows the grid distribution around the wing: The flapping amplitude angles were interpreted from the kinematics presented in Figure 8 [48]. The Navier stokes computations on formerly mentioned turbulence method were performed for an extended range of θ (θ is the flapping angle around x-axis). The variation of pressure coefficient, C P with wing reference length, X is plotted in Figure 9 . rom Figure 9 and 10, it can be simply observed that at the leading edge, a stagnation is occurring which leads to the formation of Leading Edge Vortex (LEV). On moving towards trailing edge, the C P value remains almost constant with little fluctuations at around 20% of the chord length. On other hand, in the case of dynamic pressure contour, stagnation is followed by a uniformity of flow or attachment of flow which again goes turbulent at around 60% of the chord length and transforms into vortical flows. he plot between coefficient of pressure, C P and wing reference length, X is shown in Figure 11 . As Moving towards the trailing edge reveals a gradual increase in C P value, this is because the wing is moving from downstroke to upstroke. At 50% of the chord length, a sudden increment can be easily seen in the figure after which it again moves uniformly. However the dynamic pressure contour has more number of fluctuations than the earlier one. In this orientation, the leading edge seems quite stable than the trailing edge and also from the leading edge of the preceding case. A sudden increase of dynamic pressure occurred in the mid of the wing during this phase which is followed by stagnation from all around. Vertical flows can be seen at trailing edge and tip chord. 
CONCLUSION
This paper, as mentioned previously, first in series of our research on Bat inspired Micro Air vehicle (MAV), reports the current status of a long term project investigating aerodynamic aspects of flapping MAVs. The presented literature shows, even though the flow discovered in natural flyers is laminar, it is prudent to include turbulence modeling for design perspective. A thorough investigation of the factors affecting the low Reynolds number flight is done. The methodology adopted (Large Eddy Simulations with Spring based smoothing) has been elaborated in detail.
The model provides initial insight into the flow physics and proves that any quantitative model must be based on unsteady aerodynamics and vortex dynamics.
Introduction
The rate of depletion of petroleum based fuel due automobiles is now driving the current generation of engineers and scientists to develop new techniques of extracting power from the fuel and enhancing the overall efficiency of existing techniques. Currently, the world has a huge number of automobiles on the road using Internal Combustion Engine (IC Engine). It is estimated by World Energy Forum in 2009 that the worldwide reserves of crude oil will be exhausted in less than 100 years [1] . Compression Ignition (CI) engines, more commonly known as diesel engines, can operate on conventional petroleum diesel fuel but also on neat vegetable oil [2, 3] , non-edible oil [4, 5, 6, 7] , waste cooking oil [8] and biodiesel [9] . Moreover a CI engine can be operated on biodiesel [10] , hence, biodiesel can be a potential alternative fuel to replace or supplement depleted crude oil. Many attempts had been made by researchers to utilize this advantage. Among them, Celikten et al [11] compared CI engine performance fuelled with diesel, rapeseed and soybean fuels. Bio-diesel experiences a reduction of maximum power and torque of 1.0 kW and 2.1 N.m respectively compared to diesel [11] . Additionally the fuel consumption of rapeseed and soybean were also reported to increase from diesel by about 29 g/kWh and 47 g/kWh, respectively. These problems are mainly due to the inferior chemical properties of biodiesel compared to the conventional diesel fuel. The viscosity and density of biodiesel were reported to be higher and volatility lower than diesel fuel [12, 13, 14] which lead to the incomplete combustion and this eventually produces lower engine performance and affects the durability of the engine [15, 16] . Furthermore the emission of toxic gases like CO, HC, aldehydes, particles and black smokes are also reported to be lower, in comparison to burning diesel fuel, except NOX, which is higher. The researches in this area are focused to
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improve the properties of biodiesel by using additives [17] , preheating the fuel to level its viscosity to that of diesel [18] and adjusting the injection timing [19] .
The current research is focused on the measures to be done on engine geometry so as to not only deliver advantage to any specific fuel. The most popular techniques employed to improve the combustion efficiency using HVF (Higher Viscous Fuel due to their higher viscosity compared to petroleum diesel fuel) are preheating HVF before injection [8, 20] and changing the injection timing [21] . According to the CI combustion theory, better engine performance may be achieved with HVF by improving the in-cylinder air-fuel mixing by increasing the swirl (rotation of air view from top of the cylinder) and tumble (rotation of air view from front of the cylinder) of in-cylinder air inside the fuel-injected region. Various methods have been used to improve the in-cylinder airflow in diesel engines such as: closing part of the intake port using a butterfly valve [22, 23, 24, 25] modifying intake port/manifold geometry inserting shroud around the intake valve and modifying the piston bowl. Alternatively, in-cylinder airflow may be improved through the use of a guide vane.
One of the primary approaches to get the fuel entirely oxidized is to make it mix properly with the air is swirling or commonly known as turbulence. The more is the swirling of air-fuel mixture, the more breakdown of viscous fuel particle is. The breakdown of these heavy fuel particles occurs during the compression/combustion stroke. The concept of organized air flow is not new and was first found for carbureted engine using gasoline using gasoline by using rotating blades placed between carburetor and intake manifold to provide more air swirl for efficient air-fuel mixing [26] . Afterwards, atomizers and fuel molecule breaker were patented with different identities [14] .
Instead of duplicating what has been done, this research explores the potential of swirling in CI Engine and designing of a new mechanism to deliver it to improve the in-cylinder air characteristics to eventually improve mixing and combustion process to improve the engine performance. The figure shown below shows the basic shape of airfoils which has been tested in present work. 
Swirl Generation during Induction
There are two broad tactics to create swirl during the induction stroke. In one, the flow is discharged tangentially toward the cylinder wall, where it is deflected sideways and downward in a swirling motion. In the other, the swirl is largely generated within the inlet port: the flow is forced to rotate about the valve axis before it enters the cylinder.
Governing Equations: COLD Flow Analysis
The three major equations used in the computational fluid dynamics problem are Continuity equation, Momentum equation (Navier-stokes equation) and Energy equation. For the generalized fluid flow problems mostly two equations are used. The first one is Continuity equation which fulfils the law of conservation of mass, thus a mass balance requirement posed in a mathematical form and the second one is Navier-stokes equation which fulfils the law of conservation of momentum. The Navier-stokes equations are vector hence they have separate set of equations for each coordinate direction. On the basis of control volume, the continuity equation is derived as follows:
Where ρ is the fluid density and U is the three dimensional flow velocities in x, y and z directions. The Navier-stokes equation is based on the Newton's second law where the forces taken into account are body forces and surface forces on the control volume and is derived as follows: (2) In this equation p, τ and S M are the fluid pressure, strain rate and momentum source, respectively. Since this problem is quite a complex thus the involvement of Energy equation in the calculations is inevitable. The rate of change of energy inside the fluid element which is equal to the combined net flux of heat into the element and the net rate of work done on the element due to the body and surface forces comprises the Energy equation which is further mathematically denoted as follows: (3) Where h tot and λ represent the total enthalpy and thermal conductivity respectively of the fluid.
The engine simulation model is modelled conferring to the Kirloskar TAF-1 diesel engine coupled with a generator that operated at a constant speed of 1500 rpm. The technical specifications of the engine are listed in Table 2 . SolidWorks 2014 is used to model the essential drawings of the intake port, intake runner, intake valve, and cylinder volume. The dynamic analysis is carried out in ANSYS Fluent. The CFD simulation is carried out for only cold flow without combustion. At the boundaries i.e. at the intake as well as exhaust manifold, constant pressure conditions are given. Logarithmic law of wall unified with No-slip wall boundary condition is used. Moreover the simulation is dynamic and time dependent thus turbulence modeling comes into play.
Turbulence Modeling of the Swirling Flow
The swirl number is mathematically defined as follows: (4) where r is the radial coordinate (specifically, the radial distance from the axis of rotation), vΘ is the tangential velocity, is the velocity vector, a unit vector normal to the surface, S is the inlet or outlet.
For flows with weak to moderate swirl (S < 0.5), both the RNG k -ϵ model and the realizable k -ϵ model yield appreciable improvements over the standard k -ϵ model. For highly swirling flows (S > 0.5), the RNG k -ϵ model is strongly recommended. The effects of strong turbulence anisotropy can be modeled rigorously only by the second-moment closure adopted in the RNG k -ϵ model
In this study RNG k-ε model is used. "k" is the turbulence kinetic energy and is defined as the variance of the fluctuations in velocity and "ε" is the turbulence eddy dissipation and has dimensions of k per unit time. The TKE equation after few simplifications is as follows:
(5) (6) The first term on the RHS is the production of 'k', the second term (ε) is the specific dissipation per unit mass. The last terms describe the transport of 'k' by molecular and turbulent diffusion. This model is best suited for flows with high Reynolds number where turbulence is almost isotropic. The scale elimination procedure in RNG theory results in a differential equation for turbulent viscosity:
The problem here is axisymmetric with respect to geometry and flow conditions and includes swirl or rotation. In this case, the flow can be modelled as 2D for initial purpose so as to save the time (i.e., solve the axisymmetric problem) and include the prediction of the circumferential (or swirl) velocity. It is important to note that while the assumption of axisymmetric implies that there are no circumferential gradients in the flow, there may still be non-zero swirl velocities as shown in the figure: Figure 2 . In-cylinder picture showing the region needed to be modeled
Dynamic Meshing for Piston Movement
The to and fro motion of piston is modeled using the technique known as Dynamic mesh. It allows the movement of the boundaries of a cell zone relative to other boundaries of the zone, and to adjust the mesh accordingly. The boundaries can move rigidly with respect to each other (i.e., linear or rotational motion), and/or deform. The relative motion of stationary (cylinder) and moving (piston) components gives rise to transient interactions.
Mesh Update Method
As per the availability of mesh motion methods in ANSYS Fluent, Spring-Based Smoothing and Dynamic Layering Method are chosen which are further explained in subsequent section.
Spring-Based Smoothing
In the spring-based smoothing method, the edges between any two mesh nodes are idealized as a network of interconnected springs. The initial spacing's of the edges before any boundary motion constitute the equilibrium state of the mesh. A displacement at a given boundary node will generate a force proportional to the displacement along all the springs connected to the node. Using Hooke's Law, the force on a mesh node can be written as [45] : (8) where and are the displacements of node i and its neighbor j, n i is the number of neighboring nodes connected to node i, and k ij is the spring constant (or stiffness) between node i and its neighbor j. The spring constant for the edge connecting nodes i and j is defined as
Dynamic Layering Method
In prismatic mesh zones, dynamic layering method adds or removes layers of cells adjacent to a moving boundary, based on the height of the layer adjacent to the moving surface. The dynamic mesh model in ANSYS FLUENT allows you to specify an ideal layer height on each moving boundary. If the cells in layer j are expanding, the cell heights are allowed to increase until (10) Here h min is the minimum cell height of cell layer j, h ideal is the ideal cell height, and a s is the layer split factor.
If the cells in layer j are being compressed, they can be compressed until (11) where a c is the layer collapse factor. When this condition is met, the compressed layer of cells is merged into the layer of cells above the compressed layer; i.e., the cells in layer j are merged with those in layer i.
Implicit Update Settings
For such applications, having the mesh motion updated within the time step based on the converging flow solution results in a stronger coupling between the flow solution and the mesh motion, and leads to a more robust solver run. Implicit mesh updating allows you to run simulations that otherwise could not be solved or would require an unreasonably small time step. The relaxation of the displacements is defined by the following equation [45] : (12) Where x k is the node position at iteration k (within a time step), x computed,k is the computed node position (based on the flow field), and ω is the motion relaxation.
The simulation goes projected when the geometry gets the required set of physical parameters associated with the operational conditions. In preceding sections, it is decided to go with k-ϵ Turbulence modelling with dynamic meshing supported by spring based smoothing and dynamic layering.
Boundary Conditions
This section describes the associated boundary conditions with the suction stroke in CI engine. There is no turbocharging linked with the in-take stroke. The following figure shows all the attached boundary conditions to every important component.
The simulation goes projected when the geometry gets the required set of physical parameters associated with the operational conditions. In preceding sections, it is decided to go with k-ϵ Turbulence modeling with dynamic meshing supported by spring based smoothing and dynamic layering. The following table.1 tabulates all the boundary conditions attached to its respective component. 
Simulation Results and Discussion
A complete parametric study of four different types of blade shape incorporated in the component is done computationally in this chapter. Parametric study is performed with the component maintaining the constant engine geometry throughout the analysis for four different configurations namely S1 to S4.
The method of testing adopted for this project is one of learning from the results of each shape tested, and implementing appropriate changes in the subsequent blade shape. The best configuration is then chosen after analyzing computational result and comparing various plots for in-cylinder velocity and vorticity.
As for preparing the simulation model, SolidWorks 2014 was utilized to draw the four different blade shape design and S1 to S4 configuration for Advanced Swirl Device (ASD). The best design is then chosen by comparing the results obtained by CFD analysis.
The for k-ϵ turbulence modeling brought the following plots. It can be construed from the figure shown below that the velocity of the fluid at the cylinder wall is apparently negligible as compared to the velocity in the core of cylinder. This evidences the problem of formation of thin wall of charge inside the cylinder in CI engine. Additionally, vorticity plot also shows a level of turbulence (disturbance) directly beneath the port which fades out when moving away from the axis in radial direction. The blue color depicts the zero magnitude of swirl parallel to the cylinder head plane as shown in figure. 6. In the figure.7, a comparison of velocity among all the proposed ASDs is shown. The in-cylinder velocity in S1 and S3 is relatively less when compared with that of S2 and S4. The more the green color a plot has the less the swirl it has and adhering to which configurations S1 and S3 simply draw out from the further comparison. Now moving towards the left ones, S4 delivers high in-cylinder velocity at almost every point.
Nevertheless S4 has a static region in the right side of the cylinder, S2 has certainly very low velocity in the core of the cylinder.
Next illustration ( figure.8) shows the vorticity cut plot. The circular motion along the vertical axis or simply swirl is inferred from this plot. Configuration S1 delivers mixed response whereas S2 and S4, as expected, distribute more swirl inside the cylinder. Performance of S3 is dramatically poor in this context, the flow remain irrotational all the time. The more the rotational flow near the walls, the less the formation of fluid film there; S4 has more vorticity vectors at every visible location inside the cylinder as compared to others. Adding up the results from all the cut plots, it is inferred that S2 and S4 are the best possible designs for ASD, but to move on for further iteration process it is suggested to select the best so that advance design changes can be introduced into the selected design. A thorough analysis of the plots suggest a draw between S2 and S4 whereas figure 7 and 8 characterize the drawbacks in S2 thus marking S4 as the best suited ASD design. The overhead discussion simply suggest that configuration S4 is best among all the proposed designs, thus the usage of a cambered airfoil in the inlet runner can be considered fruitful in terms of increasing in-cylinder velocity and swirl resulting in less emission.
Since this is a progressive iteration process, S4 moves on the next iteration process and will be tested with next design optimization.
After being decided upon the shape, the designing process of ASD arrives at phase-2. The positioning of the device is considered the second important parameter. Parametric study is carried out with the component placed at two different positions namely L1 and L2 as shown in figure. 9. The cut plot shown in figure.10 shows the difference between velocity distributions inside the cylinder delivered by L1 (left) and L2 (right). In configuration L1, the particle moves somewhat slower inside the cylinder, the yellow region near the ports and around the walls proves this. Looking at L2 configuration, the red portion is more than any other color. The velocity near the axis of the cylinder is also very high in this case. On the right side of the cylinder, blue color is visible which shows the area of high tumble, this is caused due to usage of conventional valve in the analysis. Figure.11 shows the vorticity plot for both the configurations. The swirl intensity is high in L2 configuration at every place. On the walls where velocity seems to less in previous graph, vorticity plot evidences the presence of high swirl at those positions. In L1 the swirl is critically less the left side of the cylinder whereas in L2 the red and yellow color confirms the high swirl.
From above interpretation, ASD-S4-L2 comes out to be the best and can be moved on the next the iteration phase.
Till now S4 shape with L2 positioning is confirmed by the robust computational analysis. This chapter deals with the optimization of the component for number of blades. A parametric study is performed with the component maintaining the constant engine geometry throughout the analysis. Three different ASDs with different number of blades have been modeled, in SoildWorks 2014, namely B1, B2, and B3. The figure.12 illustrates the velocity distribution inside the cylinder. All the three configuration differ from each other. The plot on the extreme right (eight blade configuration) has almost zero velocity around the wall of the cylinder. The two red spots around the central axis show high velocity swirls in the center but due to the presence of more blue and green color it stands last in the comparison. Coming to the configuration B2 (six blades), the velocity around the wall on the right side is pretty low but in the core of cylinder the presence of more red color is quite an evidence of high velocity vectors With the most of red color inside the cylinder, configuration with four blades can be considered as the best in terms of velocity distribution. The little yellow spot near the left wall shows some static region but overall it has better performance capabilities. Now comes to the vorticity plot. This plot also favors the coin to B1. The high pressure swirl is present around the wall of B1. B2 also has good turbulence relative to B1. Upon looking B3, there is no sign of high swirl.
From above interpretation, ASD-S4-L2-B1 comes out to be the best and can be moved on the next the iteration phase.
This section is the last in this iteration process, counts the parametric study of three different configurations of ASD with four blades but of different heights namely H1, H2, and H3. The study is performed with components maintaining the constant engine geometry throughout the analysis.
The next plot is the velocity distribution inside the cylinder of all the three configurations having blades with different height as shown in figure. 14. The picture in the extreme right is having blade of 4.5mm length. It is previously mentioned that these blades will impart obstruction to the air flow. Furthermore, the presence of more green and yellow color in H3 prove the presence of static dead fluid zone which is not good for combustion. Now coming to H2 (picture in the middle), the velocity vector is somewhat increased relatively H1, yet the presence of more yellow and red color in this configuration prove that increasing the length of blade is definitely increasing the obstruction to the incoming air. Now moving to H1 (extreme left) which has blade height of 2.5mm length. The velocity near the wall and around the central axis is comparatively high compared to every other configuration. The final plot in the series of this long iteration process is the vorticity plot accommodating H1, H2, and H3 as shown in figure 15 . Looking at the extreme right, H3 configuration, the vorticity around the wall is observed which diminishes when moving in to the central axis. Two dead zones are clearly visible. H2 delivers a surprisingly high vortical flow with yellow portion motivating the presence of swirls. Finally coming to H1, i.e. 2.5mm long blades, the vortical flow is strongest in this configuration with least concentration of dead fluid zones. The red portion on the right side of the cylinder wall is a great indication of high velocity swirl. From above interpretation, ASD-S4-L2-B1-H1 comes out to be the best and can be moved on the next phase of this project which is prototyping and experimental tests on engine bed.
Experimental Results and Discussion
This section is certainly the most important chapter of this paper. It includes the prototyping of Advanced Swirl Device and its installation, commissioning and run of the engine. Substantial development of the engine test facility was necessary before testing could begin.
After being iterated in long designing process ASD has finally taken its shape. The CAD model is prepared in SolidWorks 2014 and has been scaled up for the purpose for being tested on the available facility. The manufacturing process incorporated in manufacturing ASD is also mentioned in this chapter.
The engine available at VIT University is a Kirloskar TAF-1 diesel engine used for agricultural application which is a constant speed of 1500 rpm. Full specification of this engine and installation of ASD at the inlet runner is elaborated in this chapter.
The final section deals with the results and validates the computational results obtained from CFD analysis. The final ASD as shown in figure 16 has been manufactured using CNC The engine simulation model is modelled conferring to the Kirloskar TAF-1 diesel engine that operated at a constant speed of 1500 rpm is coupled with a eddy current dynamometer. The technical specifications of the engine are listed in Table 2 . SolidWorks 2014 is used to model the essential drawings of the intake port, intake runner, intake valve, and cylinder volume. The engine test is made possible not only because of engine but also the auxiliaries like electronic display board which shows engine speed in rpm, data acquisition system recording every bit, fuel tank holding enough diesel fuel for the test, gas analyzer for analyzing the emission constituents, and dynamometer. Schematic diagram of the experimental set up is depicted in figure 18 . Figure 18 . Overall experimental set-up Table 2 . Engine specifications
The following table tabulates engine specifications in a broad way.
When the engine speed is kept constant, the performance of a diesel engine is mainly dictated by the quantities of diesel fuel injected. Usually, the specific fuel consumption decreases while the exhaust temperature increases with the increase in engine power, and NOx and CO2 emissions increase with the increased addition of the diesel fuel. The same phenomena is observed here but a variation in the concentration of CO2 and NOx in both the engine configuration is observed. Both the graphs show no deviation to each other. At 20% load the baseline engine run produces 233ppm CO2 whereas run with ASD produces only 193ppm which is 40ppm less CO2 emissions at minimal load. At 40% load, ASD engine run emits 50ppm less CO2. This trend is dominant for all the load values and on an average engine with ASD emits 45ppm less CO2 than an engine without ASD. Since the NOx formation is more complex than any other pollutant so are its measures. At nominal load of 20%, instead of a drop in NOx emissions, an unexpected rise of 35ppm is observed which could be estimated due to more mixing inside the cylinder. At 40% load the emissions get lower in ASD engine whereas the baseline engine keep following the same trend. It can be simply inferred from the figure 20 that NOx emission increases in engine with ASD which could a possible outcome of more mixing. So it is advisable for future work if catalytic converter can be incorporated in the research work for further development of this new idea. The results obtained for CO and unburned hydrocarbons, the ASD seem advantageous. With the increment in load from 20% to full load condition reduction 0f 0.05% CO to 0.07% CO emissions are observed with the usage of ASD.
From initial load variation to the final load, a drop of HC emissions is observed in the range of 50 ppm to 200 ppm with the usage of ASD. Concluding remark in favor of ASD is evidently given by this positive variation in BTE. At initial 20% load, there is no difference observed in efficiencies of both the configurations.
Till 50% load conditions, baseline performs better in terms of efficiency but after 50% the configuration with ASD topples up everything in favor of this new invention.an overall rise of 3.12% is calculated, which means using ASD increases the BTE by 3%. Certainly the reason for trivial performance of ASD for NOx emissions could be explained with the help of figure 24 . A very oscillating data has been recorded for EGT. Between the intervals of 40% load to 75% load, engine with ASD produces higher temperature exhaust whereas the baseline engine shows a linear curve for all the ranges of loads. Beyond 80% load conditions, ASD lowers down the exhaust gas temperature by 5%.
Summary & Conclusions
Advanced Swirl Devices (ASDs) were tested by performing a rigorous design and analyses process consisting of both CFD simulations and experimental tests on an engine bed. This encompassed a wide range of boundary conditions, engine speeds and loads. And provided a suitable basis upon which to compare thee emissions performance of each ASD.
Substantial variances in the trend of CO2, NOx, CO and unburned Hydrocarbons between different mode tests.
The figure shown below depicts the advantage ASD is delivering in terms of enhancing swirl and mixing of fuel-air particles. The more red color is visible in ASD configuration which evidences more turbulence and swirl inside the chamber. ASD-S4-L2-B1-H1 has been prototyped and is tested on the engine bed. The engine ran twice; one with the device and one without device. The fuel used is diesel without pre-heating. The exhaust gas analyzer analyzed the exhaust at every load and it is evidently recorded that the application of ASD at the inlet reduces CO2, CO, Unburned HCs. This is due to the proper mixing of air-fuel particles because as expected ASD has imparted high velocity vortical flow into the cylinder.
A drop in the range of 50-200 ppm is observed in HC emissions, furthermore a reduction of 0.05% CO is also observed. While moving towards CO2 a descent of 50ppm is achieved.
Brake thermal efficiency is surprisingly increased by 3% which needs to be validated with more robust engine tests in future.
